Introduction
Amino acid analysis has been an essential method for precise quantitation of peptides and proteins. Especially the application of isotope-dilution mass spectrometry (ID MS) to amino acid analysis allows not only a precise measurement but also traceable quantitation using a reliable amino acid standard. ID MS is considered as a reference method; hence, ID MS-based amino acid should be a key-method for development of higher-order reference materials of proteins and peptides. To implement ID MS for amino acid analysis, one needs to analyze the hydrolyzed amino acid mixture by liquid chromatography-mass spectrometry (LC-MS). The hydrolyzed free amino acid has traditionally been separated by reversed phase column with ion-pairing reagents such as tridecafluoroheptanoic acid and nonafluoropentanoic acid to ensure the separation, 1, 2 and recently, also by hydrophilic interaction liquid chromatography (HILIC). 3, 4 However, both reversed phase chromatography and HILIC can separate only a limited number of amino acids, and these applications are having difficulties with the maintenance of the separation over the repeated injections and with the reproducibility of quantitation for hydrophilic amino acids. An alternative method to address the above points, precolumn derivatization of amino acids for LC-MS analysis using a reversed phase column, has been developed. Typical derivatization reagents reported are amino group-modifier, 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate, 5 N-butylnicotinic acid N-hydroxysuccinimide ester iodide (BHS) 6 and p-N,N,N-trimethylammonioanilyl N′-hydroxysuccinimidyl carbamate iodide. 7 These reagents provided better separation and retention for hydrophilic amino acids, and improved the sensitivity by increasing the ionization efficiency. Especially, the use of BHS showed complete separation of 18 amino acids within 30 min by LC-MS with high sensitivity. The use of this precolumn derivatization for ID MS makes it possible to separate and quantitate a wide variety of amino acids which could not be separated by non-label methods. Because the reliability of protein and peptide quantitation is ensured by the set of quantitative data obtained by as many hydrolyzed amino acids as possible, ID MS with this precolumn derivatization method is expected to achieve precise and traceable protein quantitation. Here, we present a traceable amino acid analysis using a combination of precolumn derivatization by BHS and ID MS for the quantitation of porcine insulin and human serum albumin.
Experimental

Chemicals and preparation of solutions
Highly purified and lyophilized porcine insulin was provided from the National Institute of Metrology (China). Highly purified, uniformly dispensed and lyophilized human serum albumin (HSA) in each bottle was provided from the Sysmex Corp. (Japan). To prepare analyte solutions, we gravimetrically dissolved solid insulin in 0.1 M HCl; HSA solution was gravimetrically prepared by adding 1 ml of deionized water to each dispensed bottle. The bovine serum albumin solution used was NIST SRM 927d. These protein samples were determined to be free from the protein contaminant by gel filtration and reversed phase chromatography. BSA standard is certified as the value determined by amino acid analysis by NIST. Hydrophilic and hydrophobic amino acids having the stability against the hydrolysis conditions were selected for the analysis. Amino acids for standard solution were prepared using the following certified reference materials produced by National Metrology Institute of Japan, with the catalog#, purities and the uncertainties (coverage factor k = 2) in parentheses: L-Pro (CRM 6016, 99.9 ± 0.2%), L-Val (CRM 6015, 99. We have developed an accurate and traceable quantitation method of proteins and peptides by isotope-dilution mass spectrometry with the precolumn derivatization for hydrolyzed amino acid. This method utilized N-butylnicotinic acid N-hydroxysuccinimide ester iodide as the derivatization reagent and C-30 reversed phase column for the separation. Quantitative results of porcine insulin and human serum albumin obtained from the hydrolyzed six or seven amino acids showed a good agreement, with less than 3% of the expanded uncertainties. This method allows more accurate and more robust amino acid analysis in comparison with non-labeled methods. N-Ile, and L-13 C5 15 N-Gln. Labeled amino acids were gravimetrically dissolved in 0.1 M HCl and mixed to prepare the labeled amino acid mixtures. The sample blends were prepared gravimetrically by mixing the insulin solution or HSA solution with the corresponding labeled amino acid mixture. The calibration blend was prepared gravimetrically by mixing the standard amino acid mixture with the labeled amino acid mixture. The mass fractions of the labeled amino acids to the corresponding natural amino acids in calibration blend and sample blend were adjusted to be almost equal. The concentrations of insulin and HSA in each sample blend were 50 and 5 pmol/μL, respectively.
Hydrolysis and LC-MS measurements
Fifteen microliters of sample blend and calibration blend were placed into individual glass tubes, then dried in vacuo using a Pico Tag Workstation (Waters, USA). Gas phase hydrolyses were conducted with 6 M HCl containing 2% phenol in the absence of oxygen. After the hydrolysis, samples were dried in vacuo, and dissolved in 20 μL of 20 mM HCl. Sixty microliters of borate buffer (pH 8.8) were added to the hydrolyzed sample, then 20 μL of 9 mg/ml BHS in acetonitrile was added. After the mixing, the samples were heated at 55 C for 1 min using a heat block. The BHS-modified hydrolyzed samples were injected into a LC-MS system that consisted of a Prominence HPLC (Shimadzu, Japan) and a TSQ quantum triple quadrupole mass spectrometer (Thermofisher Scientific, USA) equipped with an electrospray ion source. HPLC separation was carried out using a C-30 reversed phase column (2.0 mm i.d. × 250 mm, Nomura Chemical, Japan). The injection volume was 5 μL, and a linear gradient at flow rate of 0.2 ml/min was employed as follows: 10 to 12% B in 20 min, 12 to 25% B in 5 min, and 25 to 30% B in 15 min. Here solvent A was composed of 0.05% trifluoroacetic acid (TFA) in water, and solvent B was composed of 0.05% TFA in acetonitrile. Monoisotopic masses of M + ions were monitored in selected ion monitoring (SIM) and positive ion mode. 6 The chromatographic peaks of the natural amino acid and isotopically labeled amino acid were integrated using QUAN Browser software (Thermofisher Scientific). Quantitative results were obtained for insulin solutions and HSA solutions as the mass fractions using the equation referring to two-point calibration.
Results and Discussion
Separation of BHS-modified amino acids and hydrolysis condition
Complete separation of the BHS-modified amino acids which were measured in this study was achieved using C-30 reversed phase column. Especially, Leu and Ile could be completely separated and could keep the separation better over the repeated injections than was possible with C-18 column. 6 The LC-MS chromatogram of seven amino acids measured by SIM is shown in Fig. 1 .
The time period and temperature for hydrolysis were evaluated to ensure the complete release of the amino acids from the protein sample. Figure 2 shows the mass fractions of each released amino acid by indicating the hydrolysis conditions for insulin a) and HSA b). Ile and Val showed a lower value at 110 C 24 h due to the resistance for hydrolysis. 8 However, exceeding 110 C 24 h of this hydrolysis condition, mass fractions of each amino acid became an almost constant. This was probably due to the small amounts of sample for gas phase hydrolysis, where 750 pmol of insulin or 75 pmol of HSA was used for each hydrolysis. The error bars indicate the standard deviation of the three measurements, which were less than 1% as shown in Fig. 2 . These deviations over the hydrolysis conditions were smaller than the measurements by free amino acid. 3 
Quantitative results of insulin
Based on these results, four sets of insulin solutions were hydrolyzed at 130 C for 48 h, and then modified by BHS. The area ratios of the natural to isotopically labeled amino acids were measured three times by LC-MS. The concentrations of each amino acid were calculated by the following equation. Here Cs is the mass fraction of amino acid in sample solution; Cstd, the mass fraction of amino acid in standard solution; RVS, the natural/labeled mass ratio of sample blend; RVL, the natural/labeled mass ratio of lower calibration blend; RVH, the natural/labeled mass ratio of higher calibration blend; RIS, the natural/labeled measured ratio of sample blend; RIL, the natural/labeled measured ratio of lower calibration blend; RIH, the natural/labeled measured ratio of higher calibration blend. The mass fractions of the insulin solution were obtained by dividing the measured mass fraction of each amino acid by the number of the particular amino acid in insulin. The obtained mass fractions of the insulin solution were divided by the gravimetrically prepared mass fractions of the solution. Therefore, the quantitative results were shown as the purity (%) of solid insulin. Measured purities of solid insulin obtained from each amino acid were in range from 86.9 to 88.2%, as summarized in Table 1 . These results were identical within the uncertainties, indicating the complete hydrolysis of the analytes in this condition. These purities showed less than 90%, that probably originated from impurities such as water, salt and counter ions in the analyte.
Quantitative results of HSA
In case of HSA, four sets of HSA solution were hydrolyzed at 145 C for 3 h. The results are shown as the mass fractions of the net content of HSA in the given solution. The measured mass fractions of HSA solution obtained from each amino acid were in the range from 29.1 to 30.0 mg/g, as is summarized in Table 2 .
These results were also identical within the uncertainties, indicating the complete hydrolysis of the analytes in this condition.
Estimation of uncertainty and accuracy of the measurement
Uncertainty was calculated according to the Guide to the expression of uncertainty in measurement (GUM). 9 The following factors were considered as the components of the uncertainty: precision between hydrolyses, precision within each hydrolysis, measurement precision of calibration blend, uncertainty that arises from the purity of natural amino acid, and uncertainty that arises from the balance for the preparation of the solutions. The following uncertainties, precision between hydrolysis, precision within hydrolysis, and measurement precision of calibration blend are shown in Tables 1 and 2 . In these measurements, the uncertainty components originated from the above three measurement precisions were found to be 72 -93% of the total uncertainties.
The precisions of measurements were less than around 1%, showing satisfactory results for the LC-MS measurements.
By calculating the weighted mean of the purities of insulin or mass fractions of HSA from the measured amino acids, one could summarize these data as follows: purities of solid insulin with the associated uncertainty was determined to be 87.7 ± 1.0% (coverage factor, k = 2), mass fraction of HSA solution with the associated uncertainty was determined to be 29.6 ± 0.8 mg/g (k = 2). To ensure the precision and reliability of this measurement, we measured the mass fraction of BSA solution (NIST SRM 927d) at the same hydrolysis condition as HSA solution. The result with the associated uncertainty was 64.3 ± 4.7 mg/g (k = 2), which was in good agreement with the certified value, 64.27 ± 0.81 g/kg.
Conclusion
This study demonstrated the first application of ID MS-based traceable quantitation utilizing precolumn derivatization method for amino acid analysis of protein and peptide. BHS-modified amino acid could be effectively analyzed by a C-30 reversed phase column which did not need a careful conditioning for each run. The C-30 reversed phase column used here kept the separation at least a half of year, which is much longer than that at a few weeks for HILIC column. 3 This made it possible to perform the robust analysis of hydrolyzed amino acids. Another advantage of derivatization of amino acid can also be pointed out due to the increasing the molecular masses of analyte, because higher molecular masses on LC-MS can avoid interference due to the background noise in the low m/z region. The feature of BHS-modification improves the sensitivity on LC-MS. The limit of detection of the use of an analogous reagent, p-N,N,N-trimethylammonioanilyl N′-hydroxysuccinimidyl carbamate iodide, was reported to be 0.06 -0.34 fmol. 7 The future application of this method may expand to ID MS-based quantitation for trace quantities of proteins and peptides.
